Indoor and outdoor airborne pollutants modify our environment and represent a growing threat to human health worldwide.
Introduction
Outdoor pollution is associated with about 3.3 million premature deaths per year worldwide, with the Asian continent bearing most of the burden. 1 In addition, household pollution, resulting mainly from solid fuel cooking, is a serious threat for human health 2 and is deemed responsible for nearly 4 million premature death per year worldwide.
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Airborne pollution is defined as contamination of outdoor and indoor environments by any chemical, physical or biological agent that modifies the natural characteristics of the atmosphere. 4 The main outdoor air pollutants, as defined by the United States Environmental Protection Agency (US EPA), derive from gaseous compounds (nitrogen dioxide [NO 2 ], sulphur dioxide [SO 2 ], carbon monoxide [CO]), particulate matter (PM) and heavy metals (Table 1 ) (for reviews 5, 6 ). In addition, nitrogen oxide compounds interact with volatile organic compounds (VOCs) upon ultraviolet (UV) photoactivation to generate ground-level ozone (O 3 ) ( Table 1 ). Other classes of air pollutants are persistent organic compounds (POPs), semi-volatile compounds (SVOCs) and polyaromatic hydrocarbons (PAHs ;  Table 1 ). Moreover, some pollutants (e.g. ground-level O 3 , PM) and specific PAHs like benzo[a]pyrene (B[a]P) and indeno [1,2,3-cd] pyrene (I[cd]P) may become more toxic in the presence of UV radiation. 7, 8 Airborne PAHs are widespread (Table 1) and several of them are present in cigarette smoke (e.g. B[a]P), which is often used as a surrogate for air pollution in experimental settings. 9, 10 The household environment is a wide source of indoor air pollutants, although their contribution is often neglected. 3 The concentration of VOCs and SVOCs -emanating from household products (Table 1 ) and combustion of fuel used for cooking, heating and lighting -has been found to be higher indoors than outdoors.
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At the interface with the air, skin is the target of several environmental stressors. 5, 10, [12] [13] [14] Here, we provide an overview of how pollutants penetrate the skin via direct transcutaneous uptake or via indirect systemic distribution of inhaled or ingested pollution through the blood. We report on recent basic research studies investigating the biochemical and molecular changes induced by pollutants in skin and on clinical studies investigating the impact of pollutants on skin ageing and inflammatory skin diseases. Overall, the authors aimed to overview the main topics of the current knowledge on the impact of pollution on skin health and diseases to inform dermatologists so that they could adapt their daily clinical practice and specifically answer to the concerns of their patients.
Methods
A board of 6 dermatologists, E Araviiskaia, E Berardesca, T Bieber, B Dr eno, G Gontijo, M Sanchez-Viera, and 2 scientists from L'Or eal L Marrot and B Chuberre was constituted. Literature review was performed by searching PubMed with the following key words: air pollution, outdoor pollution, indoor pollution, volatile organic compounds, particulate matter, PM 2.5 , PM 10 , photosensitizer, oxidative stress, environmental stressors, dermal uptake, skin pigmentation, acne, skin health, skin microbiome, skin ageing, photoaging. The most recent (September 2012 to June 2018) reviews and original articles on basic and clinical research were selected. Were excluded the studies presenting limited confidence in the estimated effect (e.g. low number of subjects enrolled, absence of statistics). Older articles were also included if relevant to the discussion. Furthermore, the design and relevant data of clinical studies have been provided as Table S1 (supporting information).
Pollutant levels in the skin
Skin may be affected by environmental pollutants concentrating at its surface. Levels of uptake of airborne pollutants by the transcutaneous route have been reported to be similar to those measured after the inhalation of some indoor pollutants such as SVOCs and other VOCs [15] [16] [17] (Table 1) . Dermal exposure and uptake have also been analysed in specific populations, such as in coke oven workers, 18 in asphalt-paving workers, 19, 20 asphaltroofing workers 21 and chimney sweeps 22 ( Table 2 ). These studies all indicate that dermal uptake is a direct route of pollutant contamination ( Fig. 1 ).
Radioactive-labelling studies established that inhaled ultrafine carbon particles could then be recovered in the blood. 23 Advances in bioanalytical methods have now revealed that PAHs and their metabolites can be found in the blood of adults, 24 26 Thus, subjects of all ages and all types of organs can be exposed to pollutants. Once inhaled or ingested (e.g. in grilled meat 33, 34 ), pollutants may be distributed by the systemic circulation to the whole body and reach the dermis and the proliferative epidermal layer. Indeed, integrated PAHs have been detected in hair collected near the root and washed to eliminate externally accumulated pollutants 35 (Table 2) . PAH concentrations have been found to be higher in hair from smokers than from non-smokers 35 (Table 2 ). Appenzeller et al. 36 found that levels of hair-incorporated nicotine correlated positively with cigarette consumption and proposed that PAH concentrations of over 1 nmol/g or the detection of more than two PAHs in one hair sample may indicate specific exposure of the subject to PAHs (Table 2) . Overall, these studies show that skin is targeted by pollutants, either by direct accumulation on the skin surface or by indirect distribution by the systemic route after pollutant inhalation or ingestion ( Fig. 1) . Hence, PAHs (Table 1) can be detected not only in the air, but also in all human bodily fluids and hair (Table 2) , making them a good study tool to analyse the effects of airborne pollution on human skin health and diseases.
Biochemical changes and molecular mechanisms induced by pollutants

Metabolism and inflammatory processes
Pollutants may activate cell metabolism and inflammatory processes. In normal human epidermal keratinocytes (NHEKs) exposed to O 3 , activation of the aryl hydrocarbon receptor (AHR) induced the expression of several cytochrome P450 genes, including CYP1A1. 37 Activation of the AHR pathway has also been implicated in the pathology of atopic dermatitis in humans. The neurotrophic factor Artemin (ARTN) has been identified as the missing link between pollution and AHR-CYP1A1 in an atopic dermatitis mouse model. 41 This prospective study also showed that epidermal CYP1A1 and ARTN messenger ribonucleic acid (RNA) levels were significantly higher in human skin samples from patients with atopic dermatitis (N = 20) than in those from patients with contact dermatitis (N = 5) or from healthy subjects (N = 20). AHR-dependent elevated expression of CYP1A1 and ARTN was also detected in NHEKs and HaCaT cells exposed to diesel exhaust particles. Pollutants may therefore exacerbate atopic dermatitis symptoms via direct activation of AHR and subsequent ARTN overexpression. Activation of the AHR pathway in NHEKs by PM or B[a]P has been linked to the induction of proinflammatory molecules, such as interleukin-8 38 and cyclooxygenase-2 42 via the production of reactive oxygen species (ROS) involved in oxidative stress processes.
Oxidative stress and potential interactions of airborne pollutants with UV light
A reduction in vitamin C and E levels after exposure to O 3 was first identified in the upper epidermis of mouse skin 43 (Table 3) .
Similar findings were reported in humans (N = 20) when forearm stratum corneum was experimentally exposed to environmental O 3 levels 44 (Table 3) . A 10-fold increase in lipid peroxidation was also observed in the mouse epidermis after exposure to O 3 . 43 In humans (N = 9), higher levels of oxidization of squalene, a human sebum-specific unsaturated fatty acid, have been reported in sebum experimentally exposed to cigarette smoke 45 (Table 3) .
The direct detection of ROS in NHEKs exposed to B[a]P also illustrated the pollution-driven induction of oxidative stress processes in human skin cells. 38 Cellular ROS production has been shown to mediate PM-induced cytokine production in cultured primary keratinocytes. 46 Oxidative stress responses were also observed in HaCaT cells exposed to concentrated air particles 47 and in primary human keratinocytes exposed to cigarette smoke condensate 48 or diesel particulate extract. 49 Clinical evidence for an oxidative stress response occurring in humans after exposure to pollutants comes from two prospective clinical studies comparing the impact of pollution on subjects living in Mexico City (N = 96) and Cuernavaca (N = 93) 50 or in urban (N = 79) and rural (N = 80) areas of Shanghai. 51 Among several biochemical changes in sebum and the stratum corneum, vitamin E, squalene and ATP levels decreased. In contrast, oxidized protein levels were augmented (Table 3 ), indicating that skin antioxidant ) were also investigated and were correlated with dermal exposure. ‡Pollutant exposure and dermal uptake was evaluated by exposure pads (18-mm to 60-mm diameter) that were mounted at different body sites (jaw/neck, upper arm, shoulder, wrist, groin and ankle), or wrist only for McClean et al. 21 §It was estimated that about 75% (28-95%) of the total dose of pyrene on average is absorbed through the skin. ¶Dermal and airborne exposure were estimated to contribute similarly to the total internal dose of PAHs. † †2-3 cm of hair cut near the hair root from the back of the head. Except for naphthalene, all values were higher in smokers than in nonsmokers, with a significant difference (P Airborne pollution in skin health and diseases molecules were depleted in subjects exposed to elevated pollution levels. These studies show that pollutants induce an oxidative stress response in human skin. Moreover, in vitro experiments showed that the induction of cytotoxic 7, 8 and oxidative 8, 52 mechanisms by some PAHs was increased when human keratinocytes were exposed to both PAHs and UVA in particular (for a review 53 ). In mouse skin, UVA exposure significantly increased the toxic impact of B[a]P 54 or cigarette smoke, 55 including the induction of squamous cell carcinoma (SCC). 55 In humans, more smokers exposed to sunlight present facial wrinkles (N = 12) than either smoking (N = 9) or sun-exposed subjects (N = 34) alone. 56 An increase in elastosis was found in the sun-exposed skin of the forehead and cheeks of smokers (N = 17) vs. nonsmokers (N = 14). 57 Moreover, a meta-analysis 58 showed that smoking was associated with SCC, whose main risk factor is UV exposure. 59 In recent prospective studies on skin cancer, current smoking was associated with SCC, 60 but an inverse association was found for basal cell carcinoma (BCC) 60 or melanoma. 61 However, the authors suspected a bias resulting from the reduced skin cancer screening in current smokers. 60, 61 Although pollutants and sunlight seem to interact, 62 further clinical investigations are required to understand their specific impact on skin health. Direct dermal uptake with the accumulation of airborne pollutants (PAHs, PM, O3; black dots) on the stratum corneum and subsequent penetration. Indirect dermal uptake in the dermis and basal epidermal layer with the systemic blood distribution of inhaled or ingested pollutants that may have been metabolized (black dots). Left panel: Airborne pollutants (black dots) penetrate the skin directly or indirectly (black arrows) and induce biochemical effects such as an increase in the production of ROS via the aryl hydrocarbon receptor, an elevation of lipid peroxidation, protein oxidation and cell death (apoptosis), and a reduction in cell proliferation and antioxidant and ATP levels. Clinically, the effects of pollutants correspond to the exacerbation of skin ageing processes, the symptoms of inflammatory diseases (e.g. atopic dermatitis) and the deregulation of skin moisture. Right panel: UV radiation penetrates the skin where it might induce the production of ROS. In addition, some pollutants located at the surface or within the skin might induce the production of ROS (red and black filled circles). The combination of UV radiation and pollutants might exacerbate the biochemical and clinical effects of airborne pollutants. ATP, adenosine triphosphate; O3, ground-level ozone; PAHs, polycyclic aromatic hydrocarbons; PM, particulate matter; ROS, reactive oxygen species; UV, ultraviolet.
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Pollutants and skin ageing
Pollutants are known to be associated with skin ageing. 63 Vierk€ otter et al. 64 used data from the SALIA study cohort 65 to conduct the first epidemiological study comparing the clinical signs of skin ageing between women exposed to higher (Ruhr area, N = 211) and lower (rural area, N = 189) levels of airborne pollution. A one-unit increase in traffic-related particles was associated with increased numbers of lentigines (age-associated pigment spots) on the forehead and cheeks, as well as with increases in nasolabial fold wrinkles. The risk of lentigines was higher after increased exposure to PM 2.5 than after increased exposure to PM 10 . A specific association between NO 2 exposure and the appearance of facial (cheek) lentigines in German Caucasian (N = 806) and Chinese Asian (N = 1072) cohorts has also been reported. 66 This skin ageing analysis was then extended to indoor pollution in two cross-sectional studies assessing the impact of cooking with solid fuels on Chinese women living close to Beijing (Pingding, N = 402) or Shanghai (Taizhou, N = 727). 67 The pooled analysis indicated that solid fuel use increased the risk of facial coarse wrinkles and the risk of fine wrinkles on the back of the hands. Further signs of skin ageing included more pronounced laxity of the eyelids and cheeks. In a further study, Ding et al. 68 found a direct association between ageing (2 cohorts N = 874 and 1003) and indoor PM 2.5 exposure measured in 30 households close to Shanghai. These studies emphasize the association of outdoor and indoor pollution with signs of ageing in exposed skin. Of note, in a Dutch clinical study (N = 956), 69 the risk to develop elastosis was associated with smoking in a cigarette-dependent way.
Pollutants and skin microbiota
The equilibrium of human skin microbiota plays a key role in skin health (see our previous review 70 ). In a German study, 21
bacterial strains, isolated from the volar forearm and the neck of 11 subjects, could use B[a]P as their only carbon source. 71 Four isolates were found to completely degrade B[a]P, possibly preventing dermal B[a]P uptake, while partial B[a]P degradation might generate toxic metabolites. Moreover, He et al. 44 observed that the skin microflora of the forearm of 20 women was almost halved after exposure to atmospheric-equivalent O 3 levels for 2 h. These studies suggested interactions between skin microbiota and airborne pollutants. Whether traffic-related air pollutants can affect the equilibrium of human skin microbiota, as suggested for the gut microbiota of Californian adolescents, 72 remains to be investigated.
Pollutants and inflammatory skin diseases
Acne and hyperseborrhea
Krutmann et al. 73 recently reviewed three Asian studies that suggested a pollutant-specific relationship between elevated levels of airborne pollutants and an increased prevalence of acne. Elevated levels of PM 2.5 , PM 10 and NO 2 were associated with an increase in the number of acne-related outpatient visits to a Airborne pollution in skin health and diseases dermatology clinic in Beijing. 74 Pollutants were also listed as one of the acne exposome factors in a recent review by Dreno et al.
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The impact of pollution on sebum excretion rates was investigated in the two clinical studies comparing the skin parameters of subjects living in Mexico City and Cuernavaca 50 or in urban and rural Shanghai districts. 51 The mean sebum excretion rate on the forehead was higher in subjects from Mexico City than in those from Cuernavaca. This effect was not observed in the Shanghai study, either because of the lower level of pollution in Shanghai than in Mexico City or because of differences in sebum between Asian and Caucasian subjects. 51 However, a similar increase in facial skin dryness was observed in subjects exposed to pollution in both studies.
Atopic dermatitis and eczema
The link between atopic dermatitis (AD) and pollution has always been very controversially discussed, because the scientific evidence remains scarce in contrast to asthma. 10, [76] [77] [78] As for other complex diseases where gene-gene and gene-environment interactions play a role, it is important to distinguish between the potential impact of pollution (including prenatal exposure) on the development of AD [79] [80] [81] and the role of pollution as provocation factor for flares, which has been shown in several cross-sectional studies 82 and provocation studies. 83 Furthermore, some gaseous pollutants may also contribute to an increase of AD. As previously discussed (see above), the AhR expressed in the skin may link AD and pollution with a mechanism involving the neurotrophic factor Artemin. 41 Furthermore, it is assumed that airborne pollutants (e.g. PM 10 , NO 2, SO 2 and O 3 ), as well as so-called xenobiotics, may have a mid-to longterm impact on relevant genes through epigenetic mechanisms (e.g. microRNAs, methylation or acetylation). In a time-series analysis conducted from 2011 to 2015 (N = 72 305 outpatient visits for eczema) in a hospital in southwestern China, Li et al. 84 found a positive correlation between outpatient visits for eczema and air pollutants (NO 2 , SO 2, PM 10 ), but not relative humidity, suggesting that air pollutants specifically increase the symptoms of eczema. This hypothesis has also been proposed after the multivariable analysis on the data of an Italian survey (N = 10 083 subjects aged 20-44 years) 85 that found that the prevalence of eczema was associated with living close to industrial plants and heavy traffic in particular, and in a Belarusian retrospective study conducted in infants aged 0-2 years with AD (N = 1965). 86 In their meta-analysis, Ngoc et al. 78 found an association between pollutants and eczema thus reinforcing the hypothesis that living in a polluted environment favours atopy and exacerbates specific inflammatory skin disease symptoms in both children and adults. In a prospective study on AD patients aged 5 years at most (N = 177), Kim et al. 87 investigated the daily short-term effects of airborne pollutants in young children (aged 2 AE 1.6 years) with AD in the Seoul Metropolitan Area: a 10-unit increase in PM 10 , NO 2 and O 3 was found to aggravate same-day symptoms. Girls appeared to be specifically affected by PM 10 , whereas boys were impacted by NO 2 and O 3 increases. In a further study 88 conducted on 125 children aged 6 years at most, the risk of experiencing pollution-induced disease symptoms was shown to be higher in dry-moderate weather conditions. In contrast, 10-unit increases in PM 2.5 or O 3 and 2-unit increases in NO 2 or SO 2 did not correlate with worsening of AD symptoms in Japanese school children (N = 339). 89 This difference may have been associated with the PM 2.5 levels being two-fold lower in the Japanese study than in the Korean study. The results of their comparative study of skin parameters in adults in Mexico City and Cuernavaca also led Lefebvre et al. 50 to suggest that pollution augmented the prevalence of atopic skin diseases: subjects in Mexico City experienced more episodes of atopic eczema or urticaria than those from Cuernavaca. Overall, the symptoms of chronic inflammatory skin diseases seem exacerbated when adult and paediatric subjects are exposed to high pollution levels.
Conclusion
Outdoor and indoor pollutants are widespread in both urban and rural environments. Inhaled or ingested pollutants can be distributed to the whole body via the systemic circulation, making both the air-exposed superficial and deep skin layers pollutant targets. Basic and clinical studies have provided growing evidence of the interactions of pollutants with skin. Pollutants may activate cutaneous metabolism and inflammatory pathways and induce oxidative stress by lowering the levels of antioxidants in particular. Skin is also the target of another known source of oxidative stress that is UV radiation. The interactions of pollutants with either UV light or human skin microbiota require further clinical investigations to evaluate their specific impact on skin health. Both outdoor and indoor pollution were found to intensify the signs of skin ageing such as facial lentigines and wrinkles. Living in a polluted environment may also reduce skin moisture, increase the rate of sebum excretion and likely exacerbates the symptoms of chronic inflammatory skin diseases both in children and adults. Home location, type of work and diet all lead to internal and external exposure to various pollutants, with clinical consequences that may accumulate or synergize. 90 Pollutants are just one component of the exposome 75, 90, 91 meaning that both internal and external factors are to be considered when establishing protecting measures from pollution, which require the development of standardized methods for their evaluation.
